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Poliovirus genomes which contain small regions of the human immunodeficiency virus type 1 (HIV-1) gag,
pol, and env genes substituted in frame for the P1 capsid region replicate and express HIV-1 proteins as fusion
proteins with the P1 capsid precursor protein upon transfection into cells (W. S. Choi, R. Pal-Ghosh, and C.
D. Morrow, J. Virol. 65:2875–2883, 1991). Since these genomes, referred to as replicons, do not express capsid
proteins, a complementation system was developed to encapsidate the genomes by providing P1 capsid proteins
in trans from a recombinant vaccinia virus, VV-P1. Virus stocks of encapsidated replicons were generated after
serial passage of the replicon genomes into cells previously infected with VV-P1 (D. C. Porter, D. C. Ansardi,
W. S. Choi, and C. D. Morrow, J. Virol. 67:3712–3719, 1993). Using this system, we have further defined the
role of the P1 region in viral protein expression and RNA encapsidation. In the present study, we constructed
poliovirus replicons which contain the complete 1,492-bp gag gene of HIV-1 substituted for the entire P1 region
of poliovirus. To investigate whether the VP4 coding region was required for the replication and encapsidation
of poliovirus RNA, a second replicon in which the complete gag gene was substituted for the VP2, VP3, and VP1
capsid sequences was constructed. Transfection of replicon RNA with and without the VP4 coding region into
cells resulted in similar levels of expression of the HIV-1 Gag protein and poliovirus 3CD protein, as indicated
by immunoprecipitation using specific antibodies. Northern (RNA) blot analysis of RNA from transfected cells
demonstrated comparable levels of RNA replication for each replicon. Transfection of the replicon genomes
into cells infected with VV-P1 resulted in the encapsidation of the genomes; serial passage in the presence of
VV-P1 resulted in the generation of virus stocks of encapsidated replicons. Analysis of the levels of protein
expression and encapsidated replicon RNA from virus stocks after 21 serial passages of the replicon genomes
with VV-P1 indicated that the replicon which contained the VP4 coding region was present at a higher level
than the replicon which contained a complete substitution of the P1 capsid sequences. These differences in
encapsidation, though, were not detected after only two serial passages of the replicons with VV-P1 or upon
coinfection and serial passage with type 1 Sabin poliovirus. The results of this study demonstrate that the
entire P1 region of the poliovirus genome can be substituted with a foreign gene without significantly affecting
the capacity of the genome to replicate or be encapsidated.

Poliovirus is a single-stranded RNA virus which replicates in
the cytoplasm of infected cells (17). The genomic RNA has a
22-amino-acid viral protein, VPg, covalently attached to its 59
end and a 39 poly(A) tail (16, 17). The viral genome acts as
mRNA to direct the synthesis of a single long polyprotein
which is processed by three viral proteases, 2Apro, 3Cpro, and
3CD (10, 19, 33, 38). Following its translation, 2Apro cleaves
between the P1 and P2 regions of the single polyprotein at a
specific tyrosine-glycine amino acid pair, resulting in the re-
lease of the P1 capsid precursor protein (25, 27, 37). The
results of in vitro studies have demonstrated that the P1 pro-
tein is processed in trans by 3CD to generate the capsid pro-
teins VP0, VP3, and VP1 (12, 39, 40). Previous studies from
this laboratory have demonstrated that independent expres-
sion of the P1 precursor protein and 3CD polyprotein with
recombinant vaccinia viruses results in the processing and sub-
sequent assembly into subviral intermediates in the infected
cells (3, 4). The P2 and P3 regions of the genome are processed
at glutamine-glycine amino acid pairs by 3Cpro to generate the

nonstructural proteins, including 3Dpol, the viral RNA-depen-
dent RNA polymerase (19, 27).
Early studies of naturally occurring defective interfering par-

ticles (DIs) of poliovirus demonstrated that these genomes
contained deletions of the P1 region corresponding to the
entire VP3 coding region and parts of the VP2 and VP1 coding
sequences. All of the DIs maintained an intact VP4 coding
region and the translational reading frame between the P2 and
P3 region proteins (7, 13, 18). Subsequent studies using the
infectious clone of poliovirus demonstrated that genomes con-
taining an in-frame deletion of nearly the entire P1 region of
poliovirus were replication competent after transfection into
cells (14). Since regions of the P1 coding region of poliovirus
could be deleted without affecting genome replication, several
laboratories have described poliovirus genomes, referred to as
replicons, which contain foreign gene segments substituted for
the P1 capsid sequences (1, 6, 20, 28, 29). Studies have dem-
onstrated that poliovirus genomes which contain the chloram-
phenicol acetyltransferase (CAT) gene substituted in frame for
nucleotides 756 to 1805 of the P1 capsid region (28) as well as
genomes which contain the luciferase gene substituted for the
entire P1 capsid region (1) replicate when transfected into
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cells. Thus, consistent with the early studies of genomes con-
taining deletions in P1, substitution of foreign genes for the
entire P1 region does not drastically affect the capacity for
replication of the resultant RNA after transfection into cells.
To date, however, the encapsidation of replicons which have a
substitution of the entire P1 region with a foreign gene has not
been evaluated.
Reports from this laboratory have described poliovirus ge-

nomes which contain small fragments of the human immuno-
deficiency virus type 1 (HIV-1) gag, pol, and env genes substi-
tuted in frame for regions of the P1 capsid precursor protein,
resulting in the expression of HIV-1–P1 fusion proteins (6, 29).
A complementation system has been described, in which the
P1 capsid protein is provided in trans from a recombinant
vaccinia virus, VV-P1, to encapsidate these genomes (22, 24,
29). Serial passage of the replicons with VV-P1 resulted in the
generation of stocks of virus particles containing the replicon
genomes. In this study, we have used this system to further
define the role that the P1 region of poliovirus might play in
the expression of viral proteins and RNA encapsidation. For
our studies, we constructed poliovirus replicons which contain
the complete HIV-1 gag gene (1.5 kb) substituted for the po-
liovirus P1 coding sequences. To examine whether the VP4
coding region, which is conserved in all naturally occurring DIs
of poliovirus, is required for replication and encapsidation of
RNA, a second replicon in which the complete gag gene was
substituted in frame at the 39 end of the VP4 coding region,
resulting in a deletion of the VP2, VP3, and VP1 coding se-
quences, was generated. The protein expression and replica-
tion capacity of each replicon were similar following transfec-
tion. Although both replicon genomes were encapsidated in
trans with VV-P1, there was a difference in the levels of en-
capsidated replicon detected after extended serial passage.
The results of these studies are discussed with regard to a
potential role for the region encompassing the VP4 coding
region in facilitating encapsidation and the use of these repli-
cons for expression of foreign proteins.

MATERIALS AND METHODS

All chemicals were purchased from Sigma Chemical Company. Tissue culture
media and supplements were purchased from Gibco/BRL Company. The [35S]
Translabel (methionine-cystine) and methionine- and cystine-free Dulbecco’s
modified Eagle’s medium (DMEM) were purchased from ICN Biochemicals.
Restriction enzymes were obtained from New England Biolabs. The T7 RNA
polymerase was prepared in this laboratory by the method of Grodberg and
Dunn (8). Synthetic DNA primers were prepared at the UAB Comprehensive
Cancer Center facility or obtained from Cruachem, Fisher Co. Tri Reagent-LS
was obtained from Molecular Research Center, Inc.
Tissue culture cells and viruses. HeLa T4 and BSC-40 (African green monkey

kidney cell line derived from BSC 1 cells) cell monolayers were grown in DMEM
supplemented with 5% fetal calf serum and 13 GMS-G supplement (complete
medium). The stock of the poliovirus type 1 Mahoney used in this study was
derived from transfection of an infectious cDNA clone of poliovirus obtained
from B. Semler, University of California at Irvine (35). The stock of poliovirus
type 1 Sabin was obtained from American Type Culture Collection. The recom-
binant vaccinia virus VV-P1, which expresses the poliovirus P1 capsid precursor
protein upon infection, has also been previously described (3). Antisera to HIV-1
p25/24 Gag (36) and the recombinant vaccinia virus, vVK1 (15), which expresses
the Pr55gag protein upon infection, were obtained through the AIDS Research
and Reference Reagent Program. The antiserum to 3Dpol has been previously
described (11).
Construction of replicons containing the HIV-1 gag gene. To subclone the

HIV-1 poliovirus replicon genomes, modifications to the poliovirus cDNA plas-
mid pT7-IC, which contains the poliovirus cDNA and has been described pre-
viously (6), were made. A unique SacI restriction site was generated at the 59 end
of the P1 region in plasmid pT7-IC by a conservative single base change at
nucleotide 748 by site-directed mutagenesis to generate the plasmid pT7-IC-SacI
(34). The mutation was confirmed by sequence analysis of double-stranded DNA
(34). A unique SnaBI restriction site was then generated in the same plasmid by
PCR, at nucleotide 3359, using the synthetic DNA primers 59-CAC-CCC-TCT-
CCT-ACG-TAA-CCA-AGG-ATC-39 and 59-GTA-CTG-GTC-ACC-ATA-

TTG-GTC-AAC-39. The amplified DNA fragment was precipitated and digested
with SnaBI and BstEII. After digestion of the plasmid pT7-IC-SacI with SnaBI
and BstEII, the PCR fragment was ligated into the plasmid. The resultant
plasmid was designated pT7-IC-SacI-SnaBI.
To construct poliovirus replicons which contain the complete HIV-1 Pr55gag

gene, nucleotides 345 to 1837 were amplified from the plasmid pHXB2 (31) by
PCR using the DNA primers 59-GGA-GAG-AGA-TGG-GAG-CTC-GAG-
CGT-C-39 and 59-GCC-CCC-CTA-TAC-GTA-TTG-TG-39. The DNA fragment
was ligated into the plasmid pT7-IC-SacI-SnaBI after digestion of the fragment
DNA and pT7-IC-SacI-SnaBI with SacI and SnaBI. DNA sequencing confirmed
that the translational reading frame was maintained between the foreign gene
and poliovirus. The final construct was designated pT7-IC-Pr55gag.
A second replicon was constructed to position nucleotides 1 to 949 of the

poliovirus genome 59 to the HIV-1 gag gene. The following primers were de-
signed to amplify a DNA fragment from plasmid pT7-IC from a unique EcoRI
site, located upstream of the T7 RNA polymerase promoter, to nucleotide 949:
59-CCA-GTG-AAT-TCC-TAA-TAC-GAC-TCA-CTA-TAG-GTT-AAA-ACA-
GC-39 and 59-CTC-TAT-CCT-GAG-CTC-CAT-ATG-TGT-CGA-GCA-GTT-
TTT-GGT-TTA-GCA-TTG-39. The primers were designed to include a 2Apro

cleavage site (tyrosine-glycine amino acid pair [underlined] preceded by six
wild-type amino acids: Thr-Lys-Asp-Leu-Thr-Thr-Tyr-Gly), corresponding to the
authentic 2Apro cleavage site in the 3Dpol gene at nucleotide 6430 in the polio-
virus genome, followed by a SacI restriction site at the 39 end of the VP4 gene in
the amplified fragment. The DNA fragment was ligated into pT7-IC-Pr55gag

after digestion with EcoRI and SacI. The final construct was designated pT7-
IC-Pr55gag(VP4/2A).
The construction and characterization of the replicon pT7-IC-Gag 1 have been

described previously (6, 29). Briefly, the replicon was constructed by substitution
of nucleotides 718 to 1549 of the HIV-1 gag gene (amplified by PCR) for the P1
coding region between nucleotides 1174 and 2470 in the infectious cDNA plas-
mid pT7-IC. This substitution encompasses most of the VP2 and VP3 capsid
sequences while maintaining the VP4 and VP1 coding regions.
Encapsidation and serial passage of replicons containing the HIV-1 gag gene.

The encapsidation and serial passage of poliovirus replicons using VV-P1 have
been previously described (22, 24, 29). Briefly, HeLa T4 cells were infected with
5 PFU of VV-P1, which expresses the poliovirus capsid precursor protein P1, per
cell. At 2 h postinfection, the cells were transfected by the DEAE-dextran
method with in vitro-transcribed RNA as previously described (6, 26, 29). The
cultures were harvested at 24 h posttransfection by detergent lysis, overlaid on a
30% sucrose cushion (30% sucrose, 30 mM Tris [pH 8.0], 1% Triton X-100, 0.1
M NaCl), and centrifuged in a Beckman SW55Ti rotor at 55,000 rpm for 1.5 h (5,
29). The supernatant was discarded, and the pellet was washed under the same
conditions in a low-salt buffer (30 mM Tris [pH 8.0], 0.1 M NaCl) for an
additional 1.5 h. The pellets were then resuspended in complete DMEM and
used for serial passage immediately or stored at 2708C until used.
For serial passage of the encapsidated replicons and generation of virus stocks,

BSC-40 cells were first infected with 10 to 20 PFU of VV-P1 per cell. At 2 h
postinfection, the cells were infected with passage 1 of the encapsidated repli-
cons. The cultures were harvested at 24 h postinfection by three successive
freeze-thaws, sonicated, and clarified by low-speed centrifugation at 14,000 3 g
for 20 min. The supernatants were then stored at 2708C or used immediately for
additional passages by the same procedure.
Metabolic labeling and immunoprecipitation of viral proteins from infected

cells. To metabolically label proteins from infected cells, the cultures were
starved for methionine-cystine at the times postinfection indicated below by
incubation in DMEM minus methionine-cystine for 30 min. At the end of this
time, [35S] Translabel was added for an additional 1 h. Cultures were then
processed for immunoprecipitation of viral proteins by lysing the cells with
radioimmunoprecipitation assay (RIPA) buffer (150 mM NaCl, 10 mM Tris [pH
7.8], 1% Triton X-100, 1% sodium deoxycholate, 0.2% sodium dodecyl sulfate
[SDS]). Following centrifugation at 14,000 3 g for 10 min, the appropriate
designated antibodies were added to the supernatants, which were then incu-
bated at 48C for 24 h. The immunoprecipitates were collected by addition of 100
ml of protein A-Sepharose (10% [wt/vol] in RIPA buffer). After a 1-h incubation
at room temperature, the protein A-Sepharose beads were collected by brief
centrifugation and washed three times with RIPA buffer. The bound material
was eluted by being boiled for 5 min in gel sample buffer (62.5 mM Tris [pH 6.8],
2% SDS, 20% glycerol, 0.05% bromophenol blue, and 0.7 M b-mercaptoetha-
nol). The proteins were analyzed by SDS-polyacrylamide gel electrophoresis, and
radiolabeled proteins were visualized by fluorography using sodium salicylate as
previously described (5, 29). The immunoprecipitated proteins were quantitated
by Phosphorimagery where indicated (Molecular Dynamics).
Nucleic acid hybridization of RNA. Total cellular RNA was prepared from

cells transfected with equivalent amounts of in vitro-transcribed RNA by using
Tri Reagent-LS as described by the manufacturer (Molecular Research Center,
Inc.). The amounts of full-length RNA transcripts were estimated by agarose gel
electrophoresis prior to transfection (6). The RNA was then denatured, sepa-
rated on a formaldehyde–1.0% agarose gel, and transferred from the gel to a
nitrocellulose filter by capillary action. Equivalent amounts of RNA, as measured
by levels of rRNA, were loaded into each lane of the gel. For analysis of
encapsidated replicon RNA, the RNA was isolated from virions (32) which had
been concentrated through a sucrose cushion as previously described (5, 29). The
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RNA was denatured and spotted onto nitrocellulose by using a dot blot appa-
ratus according to established protocols (34). The RNA was immobilized on the
nitrocellulose by baking it in a vacuum oven at 808C for 1 h.
The conditions for prehybridization, hybridization, and washing of RNA im-

mobilized on nitrocellulose were as described previously (6, 26, 29). Briefly, the
blot was prehybridized in hybridization buffer (50% deionized formamide, 63
SSC [13 SSC is 0.15 M NaCl plus 0.015 M sodium citrate], 1% SDS, 0.1% Tween
20, and 100 mg of yeast tRNA per ml). The blot was then incubated in hybrid-
ization buffer containing 106 cpm of a 32P-labeled riboprobe complementary to
nucleotides 671 to 1174 of the poliovirus genome per ml (6, 26, 29). After
hybridization, the blot was washed twice with 0.13 SSC–0.1% SDS, once at room
temperature and once at 658C. The blot was then exposed to X-ray film with an
intensifying screen. The levels of RNA from each sample were quantitated by
Phosphorimagery (Molecular Dynamics).
Passage of replicons containing the HIV-1 gag gene with type 1 attenuated

poliovirus. Virus stocks of encapsidated HIV-1-poliovirus replicons were serially
passaged with wild-type poliovirus as previously described (24, 29). Briefly,
BSC-40 cells were coinfected with 10 PFU of type 1 Sabin poliovirus per cell and
a virus stock of encapsidated replicons at passage 21. The infected cells were
harvested at 24 h postinfection by three successive freeze-thaws, sonicated, and

clarified by low-speed centrifugation. Approximately one-half of the supernatant
was used for serial passaging by reinfection of BSC-40 cells. After 24 h, the
cultures were harvested as described above and the procedure was repeated for
an additional two serial passages.

RESULTS

Construction of poliovirus replicons containing the HIV-1
gag gene. To further define the requirements of the P1 region
for the replication and encapsidation of poliovirus RNA, we
substituted the complete gag gene of HIV-1 for the P1 capsid
coding sequences. For these studies, the plasmid pT7-IC (Fig.
1A), which contains the promoter sequences for T7 RNA poly-
merase positioned 59 to the complete poliovirus cDNA, was
used (6). A unique SalI restriction site that can be used to
linearize the cDNA before in vitro transcription is located after
the poly(A) tract; the RNA transcripts from this cDNA are

FIG. 1. Poliovirus replicons which contain the complete gag gene of HIV-1. (A) Depiction of plasmid pT7-IC, which contains the complete poliovirus infectious
cDNA clone, with relevant restriction sites indicated. The plasmid, which contains the T7 RNA polymerase promoter, is digested with SalI for in vitro transcription
of RNA. (B) Construction of pT7-IC-Pr55gag. Unique SacI and SnaBI restriction sites were created at nucleotides 748 and 3359, respectively, in the cDNA plasmid
pT7-IC. A DNA fragment corresponding to the HIV-1 gag gene (nucleotides 345 to 1837) was amplified by PCR and inserted into the poliovirus cDNA between
nucleotides 748 and 3359 by using the SacI and SnaBI restriction sites. (C) Construction of pT7-IC-Pr55gag(VP4/2A). A DNA fragment was amplified by PCR from
pT7-IC between a unique EcoRI site upstream of the T7 RNA polymerase promoter and nucleotide 949. The fragment, which contains the VP4 coding sequences with
amino acids encoding a 2Apro cleavage site (asterisk) and a SacI site at the 39 end, was subcloned into pT7-IC-Pr55gag by using the unique EcoRI and SacI restriction
sites. In each construct, the insertion of the HIV-1 gag gene sequences maintains the translational reading frame with poliovirus. 59NTR, 59 nontranslated region.
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infectious upon transfection into tissue culture cells (6). In
order to substitute the entire P1 capsid region with the HIV-1
gag gene, a unique SacI restriction site was generated at nu-
cleotide 748, immediately following the translational start site
of poliovirus. A unique SnaBI restriction site was generated at
nucleotide 3359, which is 8 amino acids prior to the 2Apro

cleavage site (tyrosine-glycine) located at nucleotide 3386; pre-
vious studies have suggested a requirement for the amino acid
at the P4 position for autocatalytic processing of the polypro-
tein by 2Apro (10). The resultant plasmid, pT7-IC-SacI-SnaBI,
was then used for insertion of the HIV-1 gag gene. The repli-
con pT7-IC-Pr55gag (Fig. 1B) was constructed by insertion of
the complete HIV-1 gag gene from nucleotides 345 to 1837; the
SacI and SnaBI restriction sites were introduced at the 59 and
39 ends of the gene, respectively. Substitution of the entire P1
region from the translational start site of poliovirus to 2Apro

(nucleotide 3386), which autocatalytically cleaves from the
polyprotein upon translation (37), results in expression of
Pr55gag protein after proteolytic processing of the polyprotein.
Naturally occurring DIs of poliovirus contain heterologous

deletions of the P1 coding region that encompass the VP3,
VP1, and VP2 capsid sequences. All known poliovirus DIs
maintain an intact VP4 coding region (18). A second replicon
in which the gag gene was substituted in frame for the VP2,
VP3, and VP1 capsid sequences, from nucleotides 949 to 3359
to maintain the VP4 coding region, was generated. For this
construct, a DNA fragment was amplified by PCR from the
plasmid pT7-IC containing sequences encoding VP4 followed
by the codons for eight amino acids containing a tyrosine-
glycine amino acid pair. Substitution of the EcoRI-to-SacI
fragment into the replicon pT7-IC-Pr55gag results in the final
plasmid pT7-IC-Pr55gag(VP4/2A), which contains the VP4
coding sequences fused in frame at the 59 end of the complete
gag gene (Fig. 1C).
Expression and replication of replicons which contain the

HIV-1 gag gene. Poliovirus-specific and HIV-1-specific protein
expression from the replicons which contain the HIV-1 gag
gene was analyzed after transfection of replicon RNA into cells
which had been previously infected with VV-P1 (Fig. 2). Under
the conditions for metabolic labeling, the 3CD protein, which
is a fusion between the 3Cpro and 3Dpol proteins, is the pre-

dominant 3D-containing viral protein detected from poliovi-
rus-infected cells (30). A protein with an approximate molec-
ular mass of 72 kDa, corresponding to the 3CD protein of
poliovirus, was detected from cells transfected with RNAs
from pT7-IC-Pr55gag and pT7-IC-Pr55gag(VP4/2A) (Fig. 2A,
lanes 2 and 3, respectively) but not from mock-transfected cells
(lane 1). The 3CD protein was also immunoprecipitated from
cells transfected with RNA derived from the replicon pT7-IC-
Gag 1 (Fig. 2A, lane 4), which was used as a positive control for
transfections in these studies (29).
For analysis of the expression of HIV-1 Gag protein, the

extracts were incubated with anti-p25/24 antibodies (Fig. 2B).
A lysate from cells infected with the recombinant vaccinia virus
vVK1, which contains the HIV-1 gene sequences encoding the
complete gag and pol genes, was used as a control for Pr55gag

protein expression (15). A protein with an apparent molecular
mass of 55 kDa that comigrated with protein immunoprecipi-
tated from cells infected with vVK1 (Fig. 2B, lane 4) was
detected from cells transfected with RNAs from pT7-IC-
Pr55gag and pT7-IC-Pr55gag(VP4/2A) (Fig. 2B, lanes 2 and 3,
respectively). In addition, a protein with a higher molecular
mass was immunoprecipitated from cells transfected with
RNA from pT7-IC-Pr55gag(VP4/2A) (Fig. 2B, lane 3). This
protein probably is a VP4-Pr55gag precursor protein and will be
characterized further in a subsequent study (30a).
The replication of the transfected RNA derived from the

replicons was also analyzed by Northern (RNA) blotting (Fig.
3). HeLa T4 cells were transfected with RNAs transcribed in
vitro from pT7-IC-Pr55gag, pT7-IC-Pr55gag(VP4/2A), and pT7-
IC-Gag 1. At 9 h posttransfection, total cellular RNA was
isolated as described in Materials and Methods. The replicon
RNA was detected by using a riboprobe complementary to
nucleotides 671 to 1174 of the poliovirus genome (6, 26, 29).
The migration of RNAs from pT7-IC-Pr55gag- and pT7-IC-
Pr55gag(VP4/2A)-transfected cells was slightly faster on the
formaldehyde-agarose gel than that of RNA from pT7-IC-Gag
1-transfected cells, which is consistent with the predicted 6.3-
to 6.4-kb size for RNAs from pT7-IC-Pr55gag and pT7-IC-
Pr55gag(VP4/2A) versus the 7.0-kb size for RNA from pT7-IC-
Gag 1 (Fig. 3A). Quantitation of the major bands of radioac-
tivity from each sample indicated that the values for pT7-IC-

FIG. 2. Analysis of protein expression from cells transfected with RNA derived from replicons containing the gag gene of HIV-1. Cells were infected with VV-P1
at a multiplicity of infection of 5. At 2 h postinfection, the cells were transfected with RNA derived from in vitro transcription of the designated plasmids. Cells were
metabolically labeled, cell extracts were incubated with the antibodies indicated, and immunoreactive proteins were analyzed on SDS-polyacrylamide gels. (A) Cells
were either mock transfected (lane 1); transfected with RNA derived from pT7-IC-Pr55gag (lane 2), pT7-IC-Pr55gag(VP4/2A) (lane 3), or pT7-IC-Gag 1 (lane 4); or
infected with type 1 Mahoney poliovirus at a multiplicity of infection of 30 (lane 5). (B) Cells were mock transfected (lane 1), transfected with RNA derived from
pT7-IC-Pr55gag (lane 2) or pT7-IC-Pr55gag(VP4/2A) (lane 3), infected with vVK1 at a multiplicity of infection of 10 (lane 4), or transfected with RNA derived from
pT7-IC-Gag 1 (lane 5). Molecular mass standards and positions of relevant proteins are indicated. a 3Dpol, anti-3Dpol; a p24, anti-p24.
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Pr55gag and pT7-IC-Pr55gag(VP4/2A) were similar, although
the amounts of RNA detected from both replicons were less
than that for RNA obtained from pT7-IC-Gag 1 (Fig. 3B).
Together, these results demonstrate that the RNAs from pT7-
IC-Pr55gag and pT7-IC-Pr55gag(VP4/2A) replicate to similar
levels in transfected cells.
Encapsidation and serial passage of replicons containing

the HIV-1 gag gene using VV-P1. Previous reports from this
laboratory have described the encapsidation of poliovirus rep-
licons using a recombinant vaccinia virus, VV-P1, which ex-
presses the P1 capsid precursor protein in trans (23, 24, 29).
For the current studies, cells were infected with VV-P1 and
then transfected with RNAs transcribed in vitro from pT7-IC-
Pr55gag, pT7-IC-Pr55gag(VP4/2A), and pT7-IC-Gag 1. The en-
capsidated replicon genomes were passaged in cells which had
been previously infected with VV-P1 for a total of 21 serial
passages. Consistent with our previous nomenclature, the en-
capsidated virus stocks of pT7-IC-Pr55gag and pT7-IC-Pr55gag

(VP4/2A) replicons are referred to as vIC-Pr55gag and vIC-
Pr55gag(VP4/2A), respectively (29).
For analysis of poliovirus and HIV-1-specific protein expres-

sion, passage 21 virus stocks of encapsidated replicons were
used to infect cells. After metabolic labeling, lysates from the
cells were incubated with anti-3Dpol and anti-p24 antibodies

(Fig. 4). Although the 3CD protein was detected from each of
the replicon virus stocks, decreased levels of 3CD protein from
cells infected with virus stocks of vIC-Pr55gag (Fig. 4, lane 2)
compared with the levels of cells infected with virus stocks of
vIC-Pr55gag(VP4/2A) (lane 3) and vIC-Gag 1 (lane 4) were
evident. Upon incubation of the lysates with anti-p24 antibod-
ies, a protein with an apparent molecular mass of 55 kDa from
the vIC-Pr55gag (Fig. 4, lane 7) and vIC-Pr55gag(VP4/2A) (lane
8) virus stocks was detected; this protein comigrated with
Pr55gag expressed from cells infected with the recombinant
vaccinia virus vVK1 (lane 10) (15). Again, infection of cells
with the vIC-Pr55gag(VP4/2A) virus stock resulted in greater
levels of the 55-kDa protein compared with that of cells in-
fected with vIC-Pr55gag. Consistent with the results of previous
studies, vIC-Gag 1 expressed an 80-kDa Gag-P1 fusion protein
in infected cells (Fig. 4, lane 9) (29).
Since we demonstrated after transfection that RNA from

each of the replicons resulted in similar levels of replication
and protein expression, detection of reduced levels of protein
expression in cells infected with vIC-Pr55gag compared with
vIC-Pr55gag(VP4/2A) could be the result of a difference in
infectivity (i.e., interaction with receptor or uncoating) be-
tween the replicons. To address this question, we isolated
RNAs from equivalent amounts of vIC-Pr55gag and vIC-
Pr55gag(VP4/2A) virus stocks, which had been serially pas-
saged with VV-P1 for 21 passages. Serial dilutions of the RNA
were then spotted onto nitrocellulose and analyzed by using a
riboprobe as described in Materials and Methods. Quantita-
tion of the radioactivity from each sample by Phosphorimagery
indicated values for vIC-Pr55gag(VP4/2A) virus stocks which
were approximately 15 times higher than the values obtained
for RNA from vIC-Pr55gag (data not shown). The results of
these studies corroborate the differences in expression of 3CD
and HIV-1 Gag protein observed for the replicons. To address
the possibility that the replicons might have differences in
infectious potential, cells were infected with equivalent
amounts of encapsidated replicons, as determined by RNA
hybridization, and metabolically labeled and immunoprecipi-

FIG. 3. Quantitation of replicon RNA from transfected cells by Northern
blotting. Cells were transfected with equivalent amounts of RNA derived from in
vitro transcription of the plasmids indicated above the lanes. At 9 h posttrans-
fection, total cellular RNA was prepared, separated in a formaldehyde–1.0%
agarose gel, blotted onto nitrocellulose, and analyzed by using a riboprobe
complementary to nucleotides 671 to 1174 of the poliovirus genome. (A) North-
ern blot. The order of the samples is indicated. The migration of RNAs of the
predicted sizes which were derived from in vitro transcription of pT7-IC-Pr55gag

and pT7-IC-Pr55gag(VP4/2A) (arrow) and from pT7-IC-Gag 1 (29) (asterisk) are
indicated. (B) Quantitation of the radioactivity of the Northern blot by Phos-
phorimagery.

FIG. 4. Analysis of poliovirus and HIV-1-specific protein expression from
cells infected with replicons encapsidated in trans by using VV-P1. Cells were
transfected with RNA derived from in vitro transcription of the designated
plasmids at 2 h postinfection with VV-P1. Encapsidated genomes were harvested
from cells as described in Materials and Methods and used to reinfect cells which
had been previously infected with VV-P1. The encapsidated replicon genomes
were subsequently subjected to 21 serial passages in VV-P1-infected cells. Cells
were infected with virus stocks at passage 21 and metabolically labeled. Cell
lysates were incubated with the indicated antibodies, and immunoreactive pro-
teins were analyzed on an SDS-polyacrylamide gel. Results are shown for mock-
infected cells (lanes 1 and 6) and for cells infected with vIC-Pr55gag (lanes 2 and
7), vIC-Pr55gag(VP4/2A) (lanes 3 and 8), vIC-Gag 1 (lanes 4 and 9), type 1
Mahoney poliovirus (lane 5), or vVK1 (lane 10). Molecular mass standards and
positions of relevant proteins are indicated. a 3Dpol, anti-3Dpol; a p24, anti-p24.
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tated with anti-3Dpol antibodies (Fig. 5A). Equivalent amounts
of a 72-kDa protein, corresponding to the 3CD protein, were
detected from each of the replicon virus stocks. Quantitation
of the radioactivity from each sample by Phosphorimagery
confirmed that the levels of 3CD were similar (data not
shown).
To determine whether the decreased levels of RNA isolated

from the vIC-Pr55gag virus stock at passage 21 compared with
the vIC-Pr55gag(VP4/2A) and vIC-Gag 1 virus stocks were
attributable to differences in the efficiency of encapsidation of
RNA which contains the VP4 coding sequences versus the
encapsidation of RNA which has a complete deletion of the P1
region, cells which had been previously infected with VV-P1
were infected with normalized amounts of each of the encap-
sidated replicon virus stocks. After 24 h, complete cell lysis had
occurred and the supernatant was processed as described in
Materials and Methods; one additional passage was performed
in cells previously infected with VV-P1. For analysis of protein
expression from the serially passaged material, cells were in-
fected with material from passages 1 and 2 and metabolically
labeled, and the cell lysates were incubated with anti-3Dpol

antibodies (Fig. 5B). Similar amounts of the 3CD protein were
detected from each of the passages of equivalent amounts of
vIC-Pr55gag (Fig. 5B, lanes 1 and 2), vIC-Pr55gag(VP4/2A)
(lanes 3 and 4), and vIC-Gag 1 (lanes 5 and 6) replicon virus
stocks with VV-P1. Thus, the reduced levels of RNA and 3CD
protein expression detected from the vIC-Pr55gag replicon vi-
rus stocks compared with those for vIC-Pr55gag(VP4/2A) and
vIC-Gag 1 after 21 serial passages with VV-P1 (Fig. 4) were
not apparent after passage of the replicons with VV-P1 for 2
serial passages.
Since all known DIs of poliovirus contain an intact VP4

coding region, we examined whether the replicon which con-
tains the VP4 coding sequences might have an advantage if the
replicon had to compete with the wild-type genome for capsid
proteins. Previous studies have demonstrated that vIC-Gag 1
could be maintained upon passage with type 1 Sabin poliovirus
(24, 29). To determine whether vIC-Pr55gag and vIC-Pr55gag

(VP4/2A) could also be maintained upon passage with wild-
type poliovirus, cells were coinfected with equal amounts of
either vIC-Pr55gag, vIC-Pr55gag(VP4/2A), or vIC-Gag 1 and
type 1 Sabin poliovirus. After 24 h, complete cell lysis had
occurred and the supernatant was processed as described in
Materials and Methods; two additional passages were per-
formed. Cells were infected with material from each serial
passage and metabolically labeled, and the cell extracts were
incubated with antibodies to p24/25 protein (Fig. 6). No HIV-
1-specific protein was found in cells infected with type 1 Sabin
poliovirus alone (Fig. 6, lane PV); the 80-kDa gag-P1 fusion
protein was detected from cells infected with material from
passages 1 through 3 of the vIC-Gag 1 replicon and wild-type
poliovirus (Fig. 6, lanes 7 to 9) (29). Upon serial passage of
vIC-Pr55gag (Fig. 6, lanes 1 to 3) and vIC-Pr55gag(VP4/2A)
(lanes 4 to 6) virus stocks with type 1 Sabin poliovirus, a protein
which migrated at approximately 55 kDa was detected from cells
infected with material from passages 1 through 3. No consistent
difference between the levels of Pr55gag expression from the
two replicons was detected. Thus, the presence or absence of
the VP4 coding region did not effect the capability of the
replicon to compete with the wild-type poliovirus genomes for
the P1 protein that was evident after three serial passages.

DISCUSSION

In this article, we describe the construction and character-
ization of poliovirus genomes which contain the complete
1.5-kb gag gene of HIV-1 substituted for the entire P1 region
and a second construction in which the gag gene is positioned
39 to the VP4 coding region of the P1 capsid region. Transfec-
tion of RNA from each of the constructs into cells resulted in
similar levels of protein expression and RNA replication. Both
genomes were encapsidated upon transfection into cells pre-
viously infected with VV-P1. Serial passage of the replicons
with VV-P1 resulted in the production of virus stocks of each
of the encapsidated genomes. Analysis of the levels of encap-
sidated replicons after extended serial passage revealed that

FIG. 5. Analysis of protein expression from cells infected with normalized amounts of replicon virus stocks and material derived from serial passages of equivalent
amounts of replicon virus stocks with VV-P1. (A) Cells were infected with normalized amounts of encapsidated replicon virus stocks and metabolically labeled. Cell
lysates were incubated with anti-3Dpol antibody (a 3Dpol ab), and immunoreactive proteins were analyzed on an SDS-polyacrylamide gel. Results are shown for
mock-infected cells (lane 1) and for cells infected with vIC-Pr55gag (lane 2), vIC-Pr55gag(VP4/2A) (lane 3), or vIC-Gag 1 (lane 4) replicon virus stocks. (B) Equivalent
amounts of each of the replicon virus stocks were serially passaged in VV-P1-infected cells for two passages as described in Materials and Methods. Cells were infected
with material derived from passages 1 and 2 and metabolically labeled. Cell lysates were incubated with anti-3Dpol antibody, and immunoreactive proteins were analyzed
on an SDS-polyacrylamide gel. Results are shown for mock-infected cells (lane U); for cells infected with material from passage 1 of vIC-Pr55gag with VV-P1 (lane 1),
material from passage 2 of vIC-Pr55gag with VV-P1 (lane 2), material from passages 1 and 2 of vIC-Pr55gag(VP4/2A) with VV-P1 (lanes 3 and 4, respectively), and
material from passages 1 and 2 of vIC-Gag 1 with VV-P1 (lanes 5 and 6, respectively), and for cells infected with type 1 Mahoney poliovirus (lane 7). Molecular mass
standards and the position of the 3CD protein are indicated.
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the replicons which contain the VP4 coding region were
present in the encapsidated virus stocks at higher levels than
the replicons which contain the gag gene substituted for the
entire P1 region; no difference in the levels of encapsidation of
either replicon genome following limited serial passages in the
presence of VV-P1 or Sabin type 1 poliovirus was detected.
The results of this study are significant because this is the

first demonstration that poliovirus genomes which contain a
foreign gene substituted for the entire P1 region can be en-
capsidated by P1 provided in trans. The fact that the entire P1
gene of poliovirus can be substituted with a foreign gene re-
sulting in an RNA genome with the capacity to replicate is
consistent with previous studies which demonstrated that the
entire P1 capsid region was not required for the replication of
poliovirus RNA (14). Subsequent reports have also described
poliovirus replicons containing a substitution of the entire P1
capsid sequences from nucleotides 756 to 3371 with the lucif-
erase gene that maintain the capacity for replication, although
encapsidation of this replicon was not reported (1). Our study
is unique because we demonstrate that replicons containing a
foreign gene substituted for the entire P1 region not only
replicated but also could be encapsidated when we used a
recombinant vaccinia virus, VV-P1, to supply the P1 capsid
precursor protein in trans (2–5, 22–24, 29). Our system differs
from earlier studies which described the encapsidation and
propagation of poliovirus replicons which express a foreign
gene (CAT) by coinfection of cells with type 3 poliovirus,
resulting in mixed virus stocks of replicons and wild-type virus
(28). Because the CAT gene was substituted for nucleotides
756 to 1805 of the poliovirus genome, it was not possible to
evaluate whether the remainder of the poliovirus P1 region
(VP2, VP3, and VP1) was required for encapsidation. Since
studies from this laboratory have demonstrated that replicons
containing foreign genes substituted between nucleotides 1174
and 2956 were encapsidated by P1 capsid protein provided in
trans by VV-P1, we would have predicted that replicons con-
taining substitutions between nucleotides 743 and 2956 should

be encapsidated. The results of our present study confirm and
extend this prediction by demonstrating that replicons with
substitutions of foreign genes for the entire P1 region of po-
liovirus can be encapsidated.
Although the presence of the VP4 coding region was not

absolutely required for RNA encapsidation, it was evident that
replicons which contain a complete substitution of the P1 re-
gion with the HIV-1 gag gene were encapsidated less efficiently
than replicons which maintain the VP4 coding sequences
(nucleotides 743 to 949) positioned 59 to the gag gene. When
RNA derived from each of the encapsidated replicon virus
stocks after 21 serial passages with VV-P1 was isolated and
quantitated by nucleic acid hybridization, the RNAs from vIC-
Pr55gag(VP4/2A) and vIC-Gag 1 replicon virus stocks, which
contained VP4, were present at levels that were 15 and 50
times higher, respectively, than that of RNA from vIC-Pr55gag

virus stocks. These results are consistent with earlier studies of
naturally occurring DIs of poliovirus which were shown to
contain deletions of various sizes in the VP3, VP2, and VP1
capsid sequences, while maintaining an intact VP4 coding re-
gion (18). On the basis of this finding, it was speculated that
VP4 might contain regions required for poliovirus RNA en-
capsidation (9, 14). Although it is clear from our results that
VP4 is not required for encapsidation, the presence of VP4
might enhance RNA encapsidation. Since limited passage of
equivalent amounts of each of the replicon virus stocks with
VV-P1 indicated no significant difference between the encap-
sidation of replicons containing VP4 and that of replicons
which contain a deletion of the entire P1 coding region, it was
possible that the effect of VP4 on encapsidation would be more
apparent if the replicon RNA had to compete with the wild-
type genomes for the P1 capsid protein. This situation would
be analogous to the encapsidation of DIs in that the defective
genome must compete effectively with the wild-type genome to
be maintained in the virus stock. However, we determined that
RNAs from vIC-Pr55gag and vIC-Pr55gag(VP4/2A) were main-
tained in virus stocks for three serial passages in the presence
of type 1 poliovirus. Thus, during limited serial passage, the
replicon genomes did compete effectively with type 1 Sabin
poliovirus RNA for capsid proteins. It is possible that after
extended serial passage of the virus stocks containing the rep-
licons and type 1 Sabin poliovirus, genomes containing the
intact VP4 coding region are more stable in the virus stocks
than replicons which contain a substitution of the entire P1
region. Previous studies from our laboratory have demon-
strated that replicons containing foreign genes substituted for
nucleotides 1174 and 2470 were stably maintained after 10
serial passages with type 1 Sabin poliovirus (29). Experiments
to determine if the replicons described here are also able to
compete with wild-type poliovirus for capsid proteins after
extended serial passages are under way.
Finally, the results of this study establish a system for the

future use of poliovirus as an expression vector for foreign
genes. Although previous studies from this laboratory as well
as others have suggested such a use for poliovirus vectors,
potential drawbacks, such as the limited size of DNA that
could be inserted and the potential instability of the resultant
recombinant poliovirus genomes, have been indicated (20). By
using the complementation system described in this report, it is
possible to substitute the entire P1 region with at least 1.5 kb
of foreign DNA. Recent studies have demonstrated that the
size of the poliovirus genome (7.5 kb) can be increased by the
addition of up to 1 kb (21). The upper size limit for the
substitution of foreign genes into the poliovirus genome then
might be as much as 3.6 kb of foreign DNA. One feature of the
expression system described here is that the foreign protein is

FIG. 6. Analysis of protein expression from cells infected with material de-
rived from the serial passage of encapsidated replicons with wild-type poliovirus.
Cells were coinfected with equal amounts of either vIC-Pr55gag, vIC-
Pr55gag(VP4/2A), or vIC-Gag 1 and type 1 Sabin poliovirus. The cells were
harvested at 24 h postinfection and the supernatant was processed as described
in Materials and Methods; two additional passages were performed. Cells were
infected with material from each of the serial passages and metabolically labeled.
The cell lysates incubated with anti-p24 (a p24) antibody, and immunoreactive
proteins were analyzed on an SDS-polyacrylamide gel. Results are shown for
cells infected with materials derived from the indicated passages (P1 to P3) of
vIC-Pr55gag (lanes 1 to 3), vIC-Pr55gag(VP4/2A) (lanes 4 to 6), and vIC-Gag 1
(lanes 7 to 9) with type 1 Sabin poliovirus and for cells infected with type 1 Sabin
poliovirus alone (lane PV). Molecular mass standards and the position of Pr55gag

protein are indicated.
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expressed as a polyprotein which is processed by 2Apro. A
recent study has demonstrated that expression of a rotavi-
rus-P1 fusion protein with a cleavage site for 3Cpro at the
carboxy terminus of the rotavirus capsid protein resulted in
processing in trans to release the capsid protein (20). Thus, it
should be possible to express foreign proteins in a native con-
formation from poliovirus genomes if the residual amino acids
at the amino or carboxy termini do not interfere with proper
folding. Preliminary experiments have demonstrated that the
55-kDa HIV-1 Gag protein expressed from poliovirus repli-
cons is biologically active (i.e., induces formation of virus-like
particles) (30a). If the exact protein sequence is required for
protein function, it might be possible to express the desired
protein by using internal ribosomal entry sites positioned
within the replicon (21). Studies to test this possibility are
under way.
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